This paper discusses an Internet-based tele-rehabilitation system with Single-Master and Multi-Slaves, which aims to achieve the situation where multiple stay-home patients in scattered places can share rehabilitation instruction from one physical therapist. After the introduction of whole system's concept, 'Passive-Active Shift' rehabilitation is proposed considering the varied symptom of different patients. Then after introduction of master slave system's designing, for passive rehabilitation which is carried through internet-based bilateral teleoperation system by therapist who is necessary, novel control architecture to ensure the stability of tele-rehabilitation system with time delay is proposed. For active rehabilitation, game-based active rehabilitation is proposed to draw the patients' mind into rehabilitation which is important to reestablish neuromuscular control.
INTRODUCTION
For patients with neurological impairment, to stimulate neurological system by moving paralyzed limbs will call back brains' potential ability, reestablish neuromuscular control and lead to the function which will make it possible to move their body as the patients wish. Generally, it is supposed to be effective for patients to go to hospital regularly and receive rehabilitation from physical therapists. However, going to the hospital regularly far from their houses actually places a large burden on patients, while it is impossible for a limited number of physical therapists to visit so many patients' houses in the recent aged society of Japan.
To solve this problem, the tele-rehabilitation system is considered to be promising, which offers a sure therapy supervised by skilful therapists to patients in their own houses and brings not so much burden to either patients or therapists. This research aims to build a bilateral master-slave system based on TCP/IP Network to achieve the situation where stay home patients in scattered places can share rehabilitation instruction by one physical therapist.
As the first step to realize the above system, in this paper firstly the concept of the tele-rehabilitation system with single-master and multi-slaves is introduced in comparison with related previous work. Then the 'Passive-Active Shift' rehabilitation approach is proposed in order to realize that one therapist will implement rehabilitation to multiple patients. For passive rehabilitation done directly by the therapist through internet-based master-slave system, the control architecture for the tele-rehabilitation system with time delay is proposed in section 4. For active rehabilitation, game is used to encourage patients to move their joints by their own mind in order to reestablish their neuromuscular control. Figure 1 The problem is that the symptom varies from patient to patient and it will be unavailable to share the same instruction among multiple patients. In order to solve this problem, 'Passive-Active Shift' approach is proposed in the following, which will be discussed from rehabilitation approaches.
SYSTEM CONCEPT

Internet-based Bilateral Teleoperation System
The task of rehabilitation is not so simple that can be accomplished by an amateur or a robot isolated from physical therapists. Firstly, the rehabilitation should be adjusted adaptively according to the different status of the patients. Secondly communication between patients and therapists is important to relief them and their family.
In this research, the master-slave tele-rehabilitation system is built using internet to connect therapist and patients.
Aiming Rehabilitation Approaches
According to different situation of the patients, there are passive rehabilitation and active rehabilitation. Passive rehabilitation is usually a preferred method for restoring range of motion (ROM) in the early stages of therapy. This consists of moving the limb with the muscles remaining passive. Active rehabilitation is often using to encourage patients to move their joints by their own mind in order to reestablish neuromuscular control, in the case that the patients have gotten certain recovery from passive rehabilitation. In this stage, according to the different recovery states of the patients, there are active-assistive movement phase, which involves using external assistance to assist the muscles in moving the joins and active-resistive movement phase aiming at returning an individual to normal activities via resistance exercises that are usually focused at regaining muscle strength.
Many researches on telemedicine have been studied including tele-rehabilitation. Most were aimed at monitoring, but not include force information into the closed loop of control system. Feedback tele-rehabilitation was also reported as just a brake in case of an emergency [1] . However, according to physical therapists, the force feedback is indispensable in the process of motion rehabilitation in order to enable the therapist to detect the patients' feeling and provide exact rehabilitation. On the other hand, the study on teleoperation system with time delay is another hot research field recently. Wave-variable method based on scattering theory, event-based method and smith-based method have been proposed [2] [3] [4] . In this research, a novel kind of compensator-based control architecture for the bilateral system with time delay will be proposed which considers the operator into whole system and could ensure the system's stability. This research is aiming to realize both passive rehabilitation and active rehabilitation for the proposed 'passive-active shift' rehabilitation approach.
Passive-Active Shift Rehabilitation
According to therapist, it will be effective for the patients to do passive rehabilitation and active rehabilitation in shift. Combining with the Single-master and Multi-Slaves system proposed above, passive-active shift rehabilitation approach is proposed in this research. The therapist will do passive rehabilitation to the patient by the master/slave system in turn. And during this period, the other patients will do active rehabilitation such as active-assistive and active-resistive rehabilitation through slave. By the passive rehabilitation, the motion-force relation data will be recorded which will be used as the reference during the active rehabilitation..
Single-Master and Multi-Slaves System
All of the related works mentioned above are systems with single master and single slave. This research, based on the global sharing character of Internet, aims to build a system with single-master and multi-slaves, whose concept is indicated in Figure 1 . In this research the multi-slaves are located in different places to enable the proposed system to achieve the situation where multiple scattered stay home patients can share rehabilitation instruction from a skillful therapist, which is different from the multiple slaves in the work of Dr. Mark W. Spong [5] , which means that the multiple cooperative robots in the same place complete one mission by operation of one master.
At the moment when the therapist implements passive rehabilitation to one of patients through master/slave directly, the therapist/master and slave/patient will consist of the bilateral teleoperation system; with time delay brought by Internet it will turn to be unstable. So how to build the master-slave system and ensure the system's stability is one of the main tasks in this research. Besides, during the period of active rehabilitation, to build a system which will arouse the patient's mind and provide the proper assistance or resistance force to the patients will be another task of this research. In the following sections, the problems of passive and active rehabilitation will be discussed separately after introduction of master/slave system's designing.
DESIGNING OF MASTER-SLAVE SYSTEM
As the initial step of the proposed system mentioned above, its application to wrist's rehabilitation is examined and the master/slave system is designed.
Advantage of Pneumatic Driving
Pneumatic power is used as the driving power in our design for the following reasons.
The compressibility and flexibility of the air will provide safety for the patients. The movement of device can be stopped when the patients feel pain and give certain resistance force to stop it. Furthermore, by maintaining the position with a pain feeling, the stretching of the muscle will bring effective aspect for the rehabilitation of the patients.
Requirement for the Devices
According to the therapist, dorsal / palmar flexion and radial/ulnar flexion shown in Figure 2 are often used in the wrist's rehabilitation. It will be effective to the rehabilitation if these two kinds of movements can be realized. Besides that the following are also required by therapist: Low cost; Simple and easy to fix the patients' hand in; about 60% movable range of the healthy people; with the property to enable therapist to perceive patient's status; Safe and quiet.
Further more, for most patients with neurological impairment, the palms of their hands will turn to be unable to open themselves as shown in Figure 3 (a).When palm is opened by the therapist during rehabilitation as shown in Figure 3 (b) , the muscle around the wrist will be at the stretched state, under which the patient's neurological system will get most powerful nerve stimulation.
Mechanism of the Master/Slave
According to the above requirement, the master and slave devices for the wrist's rehabilitation are developed as shown in Figure 4 , The slave device which will help the patient do rehabilitation is designed as a desk-top type which will be easy for the patient to put their arm and hand in; the master device which will be operated by the therapist is designed similar with the people's wrist.
In order to build bilateral operation system, the pneumatic rotary actuator (KURODA Precision Industries Ltd.) was used in both master and slave devices as the driving power. The slave device used it to realize the rehabilitation motion done by the physical therapist, and the master device used it to enable the therapist to feel the force that the patient feels. The used rotary actuator has two separated rooms in its body and the oscillating motion can be gotten by changing the air pressure in the two rooms. In our designing the pneumatic electronic regulator was used to realize the air pressure control. As shown in Figure 5 , by changing the air pressure in the two rooms according to the motion or force feedback to simulate the property of the extensor and flexor muscle which drive the motion of wrist, the different motion impedance will be gained.
The property of such kind system will be similar to the wrist's motion shown in Figure 5 . Figure 6 Besides, for the part of opening palm, pneumatic rotary actuator with oscillating angle of 180° (KURODA Precision Industries Ltd.) was used to help the patient to open his palm. By this mechanism, during dorsal flexion, the driving force from the rotor will be transferred through the patient's fingers, while during palmar flexion the driving force from the rotor will be transferred through dorsal region of patient's hand, which will be similar to the usual method used by therapist shown in Figure 3 (b).
Table1: Profile of Patient for test shown in
On-site Experiment Results
Using the designed master/slave system above, the bilateral operation experiment was carried out in the rehabilitation center. In the experiment, the therapist holds the master to do rehabilitation to the patient. Figure 6 shows the position and torque tracing results of one patient, whose profile is shown in table 1.
INTERNET-BASED PASSIVE REHABILITATION
When the above system is used for Internet-based tele-rehabilitation, time delay brought by Internet will turn the system to be unstable [6] . In this section, the compensators to ensure system's stability are proposed.
Principle of Compensators
For the convenience of discussion, in this paper G M (s) is used to represent the whole system of master side and G S (s) is used to represent the whole system of slave side. The basic idea of compensators control architecture is to design the forward compensator G 1 (s) and feedback compensator G 2 (s) in forward and feedback path shown in Eq. (1) and Eq.(2) separately, F 1 (s) and F 2 (s) represent the time-delay section in the forward and feedback path.
(1) (2) The working principle of the whole compensator is shown in Figure 7 , and the transformation function of the whole system with compensators is shown in Eq. From Eq.(3), it can be seen that lag is eliminated and the teleoperation system with compensators is equal to the original system linking with a delay section which can be seen clearly from Figure 7 . However, from (1) and (2) it can be seen that there are network time-delay secessions in both of the two compensators. The prediction of the time-delay will be necessary in such kind of compensator.
By writing not only force information of slave but also the according position information to the datagram and feedback to the master side, the time delay sections are replaced by the real network environment shown in Figure 8 .Then the prediction of the time-delay turns to be unnecessary.
[7]
On-site Experiment Results on Patient
Using the master/slave devices introduced in section 3, the on-site experiment with the compensator mentioned above has been carried on to the same patient shown in Table 1 in rehabilitation center. In the experiment, time-delay shown in Figure 9 was put into the forward and feedback path separately.
From the result shown in Figure. 10, it can be seen that system turned to be stable, and both the position and torque have been traced well, while there was certain lag between the motion of master and slave. According to the therapist who did the experiment, the time lag did bring a sense of incongruity, but still within the endurance, because the rehabilitation is suppose to be one kind of slow movement. The time delay used in the experiment was measured between Beijing and Tokyo through Internet and with average value of 300ms, it can be supposed that the domestic network will get better situation than that. Further more although it cannot be erased completely, with the development of network technology, the situation of time-delay brought by Internet will expect to be improved.
GAME-BASED ACTIVE REHABILITATION
By using the motion-force data recorded during the period of passive rehabilitation through internet-based bilateral system described above, the active rehabilitation will be done to the patients other than the one doing passive rehabilitation. As mentioned before, for the patients with neurological impairment, their muscle is normal but the control signal from the neurological system can not reach to the muscle, so active rehabilitation also plays an important role in rehabilitation due to its function of arousing patients' mind which will be effective to reestablish neuromuscular control. The important task for active rehabilitation is how to draw the patients' mind into the rehabilitation. In this research, game is considered to be utilized, which could also provide the stay-home patients with pleasure during the boring rehabilitation. Active rehabilitation includes active-resistive rehabilitation, active-free rehabilitation and active-assistive rehabilitation. Here the difference of their engineering realization will be discussed. Figure 11 shows scence of game-based active rehabilitation carried on by the patient in the clinic.The concept is that the patients move slave device by their imparemented hands which are put in the slave device and use the slave as the input device to move the 
Remote characters in the game. As a sample, the ball-game shown in Figure 11 (a) has been introduced in.The plate in the game is moved.to receive the falling ball. Here the movement of the plate has been endued with power suppier and impidance resistance charactors which is realized by the characters of slave shown in Figure  11 (b).
For active-resistive rehabilitation, the resistance force with certain impedance character will be added against the movement of the patient's hand. Figure 12 shows results of two sets of experiments for active-resistive rehabilitation with different moving speeds and same resistance impedance (elasticity K:0.007; viscosity B: 0.0056; inertia M :0) following impedance control.
For active-assistive rehabilitation, the assistive force will be added d by the slave to help the patients whose power is not enough to move to the position they wish. How to get the moving wish of the patients will be important. At this case, it will difficult to measure the force the patients give out by the ordinary torque sensor, because both the power supply and resistance function of the patients muscle around the wrist will be working, which can not be separated by the torque sensor.
ElectroMyoGram has been used in some related research, but still be far away from application. In this research, we plan to use game to detect the patients' movement wish and will discussed it in our following work. 
CONCLUSION
In this paper, using pneumatic power, the master/slave system for rehabilitation was designed, for passive rehabilitation that needs the bilateral teleoperation of the therapist, novel teleoperation architecture was proposed to ensure the stability of bilateral master-slave system with time-delay, and has been verified by the on-site experiment in rehabilitation center. For active rehabilitation, in order to draw the patient's mind into rehabilitation, game-based active rehabilitation has been proposed and developed. 
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